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AIHYJ’RACT: Prcstmt capabilitic.s  of the I ligh ‘1’cmpcrature lilcc(rost:itic  1.cvitator  (1 1’1’1{S1.) for
ccmlainedess  materials processing are sulmnarizc(i.  It} s[uciying  high temperature materials, this
technology utilizes electrostatic forces to isol[itc ii salnp]c material from the container walls in a
high vacuum conciition.  Undcrcoc)lcd  ]iqui(i states of various (icgrccs arc produced, and their
thcrmophysical  properties arc mcasurc(i  using  novel non-contact ciiagnos[ic  methods .
Amorphous as well as various crystalline phases may bc acccsscd from ciccply undcrcooled
states and ensuing microstructure cwn bc investigated. ‘J’his tcchniquc can measure various
thcrmophysicttl  properties of mctttls, alloys, and semiconductors both in liquid and solid phases
over a broacl temperature range.  At the present time the 11’1’11S1.  can measure the density, the
thcnwtl  expansion coefficient, the ratio of [IN specific imat to the hemispherical total emissivity,
the surface tension, find the viscosity.

1. IN’J’ROI)[JC’J’IO TN”
111  the 1 ligh “1’empcraturc  1 jlcc[rostatic 1 ,cvilalor  (ll’I’1{S 1.) a sample is levitated in a high

vacuum  by Contro]]il)g  app]ieci c]wtros[atic  f o r c e s .  ] .evitatcci  samp]c  iS m e l t e d ,  Wd VWiOUS
expcrimerus  are pcrfomcci over a broaci  tcmpmlmc range aroun(i  its melting temperature. Since
the sample is WC]] isolatc(i in a high vacuum,  the siill]])l~  puri[y is prescrvui,  mci the molten drop
can reach highly undcrcoolcd slates. once ]noltcn slate is prcparc(i,  appropriate non-contact
diagnostic techniques can bc applicci  10 measure vatious  thtmlc)physical  propcrlics al different
tctnperature.  l;urthermore,  it ]nakcs possible to invcstiga(c  nuclcwtion  mechanism as well as
formation of metastablc  crystalline and amc)rphous phases.

SOIIIC Of useful  characteristics of the. 11’1’11S1. arc: (i) it can process various nlateria]s
which incluc]c mcla]s, scl]licoI]clL]ctc>rs,  and insulators, (ii) the sample heating ar~d levitation
mechanisms are completely dccouplc(i,  therefore, the ran:,e,  of samp]c temperature is not limited
by the levitation mechanism, (iii) Iilc prwcssing  cnvironmc.nt  bcirlg a high vacuum, sample
coolir]g ir~ the absence of hc;itirlg  CaII bc rigorously dcscriki  by a purely  radiative heat transfer
equation, (iv) the cmploymmt of fccciback  control allows quicsccnt  sample positionir}g, ar~d (v) it
provides an open tmvironmcnt  so that a samp]e earl  bc vicwcxt  by various non-contact diagrlostic
irlstrmncnts.

in this paper, the ]mcsmt  status of the 1 I’1’I {S1, as app]ic(i in the areas of thcrmop}~ysica]
prope.rtics,  nuclmtion  mcchanislm,  aIKi mclaslablc  phases is (icscribcd. Since the first paper on
the ] 1’1’1{S1. was publishtxi in 19!)31  ] ], its capabi]i[ics  for thtmloJJh ysica] J)roJ)crty  mcasurcmcnts
of molten materials have. been substantially cxtcr](iui to inclu(ic mcasurcmcr]t  of the density,
thermal Cxpansion  cocfficicnt,  surface tension, viscosity, specific heat arl(i hcmisphcrica]  total
cmissivity.  “1’hesc c.apabilitics  have bctm a]~plicti  in r]tr]mrous matcria]s, arvd it is the ir~tcrlt  of this
paper to give a brief summary of ti~e.se prog,ress.

11. ‘J’lIIC  11’J’ltSI, N)]{ CON’J’AINI1l<I,l;SS  MA’I’ltRIA1,S l’ROC1tSSING
J. Mass l)cnsity ar)(i ‘llKuIMal 1 {xpansim Coc.f(ic.icnt

‘J’hc }1’J’JR31. provides a (icsirable  condition for ihc density measurement frcm a
lcvita[cd  cirop. I;irst of all, t hc I I’J’J;SI, shows stab]c lcvitatior~  and allows the drop to reach a
deeply undcrcoolcd  state. Sccond]y,  the shape of ii ]cvitatcci  (irop in a I 1’1’11S1. is axi-symmetric
around the vertical clircction. ‘1’hewforc, a sing]c si(ic iinag,c of tile drop contains full information
about the cJroJJ volume. ‘J’hc. density me:isurcmcnt  systc]n which wtis rcccn(l y devc]oJJcd at JP1.
SCCrtlS  10  SUJ)J)OII  lili  S .  “J’hc Llrl(icr]yirlg, (iCfjr)itiorlS  for tiIC deIISity  p arid the thCIIIM]  CXp~l)SiOIl



where misthe sample mass, V is tllcs:tl]lj~lc  vc)llltlle,  [i[lcl’1’istl]csalll~)lc  temperature,
‘1’he systcm  consisted of a high quality tclc-lllic]oscc)jjc  10 get d mgnified  side view of a

levitated drop, ii ~CD video camera Httachcc]  to the IIlicroscope,  a video recording system, and a
t~~i~~i-co~~~~)tltel  for image ciigiti~ation ancl analysis. 1 ] nage anal ysis software was developed to
extract the inmge am accurately. ‘1’he basic clcnsity  mcasurcmcnt  technique using the I 1“1’ESL  is
described in detail by (lung  et a] in the rcfcrcnce 12]. IJig. 1 shows a density data for a molten
nickel, and it was ccmpared  with other results nmisurcd by convcntiona]  nle(hods,[  3, 4] ‘J”he
starling point of the experiment w:ts the nickel  samp]c  ovcrhcatcd  about  1 ()()K above the melting
point. LJpon  blockage of the heating source,  the ]nc]t  WRS allowed to cool raciiatively  while the
sample images were rccorde,cl  at the rate of 30 frtimcs pcr second, ‘1’he melt undercoolcd more
than 3(IOK before recalesccnce  took pltwc. At the present time this tec}mique can measure density
with less than 0.2 % error. In other nlateri:tls,  Rhim cl al ancl ohsaka  et al measured the densities
of a solid and a molten silicon [5,6j.  Rcccntly,  for tl]c. first time, the density of an easily glass
forming alloy Zr412’1’i13,8~ll ~2,5Nilo,()}lcz~5  was n~casure.d  by Ohsakti cl al.[7]

2. Surfidce ‘J’ension  :in(i  Viscosity
$urfam  tension an(i viscosity play imports]] [ roles in flui(i proccssil~g  of engineering

significance. Surfi~cc terlsion influences both [tlcllj][)(iyll:il~lic  ami hycirociynamic  behavior of
fluid surface cluring casling, wcl(iing,  melt s])inning,,  aJl(i ]ascr melting. in the prcsencc  of
temperature or concentration gra(iicnt,  ti~e rcsull:int  suJfacc  tension gra(iicnt  gives rise to
Martingoni  flow which can have significant cfl’ccts, for instance, in the floating zone crystal
growth in the reduccci  gravity environment,

SurF~cc tension is a surface property, (icfinin~j  the excess free energy required to create a
unit area of free surface for a given :imount of llui(i  Inass. ‘1’his cmrgy  is ncc(ieci, bccausc  atoms
or molecules on the surface arc at higher cncrgjctic  SMICS than those in the bulk. lJsually, surface
tension is measured by either ti)c scssilc-ciroj)l  8] OJ” })c])(i:it)t-(i  rc)l)l 9] methods, which are not
applicab]c to highly reactive melts. Non-contact mctho(is not only tivoiri direct contact with
crucibles, thus pmvcnting  surfacx col)t:il)lil)t~tiol~,” it ill  SO :illOW  thC ll)Clt  S tO r e a c h  CiCCply
uncicrcoo]eci  state whose prope.r[ies  :tffect ti~c phasr  tl:il~sforl~~:itioJ~  process and the resulting
microst met urc.

ViSCOSity OJ1 thC ()[hC1’ ]lilIld iS rCliitU!  tO thC.  lilO1lliC  Or lno]ecu]ar  diffLISiO1l,  ViSCOSity
influences many important pmccsscs  suci]  as un(icmx)c)ling  an(i  ])t)~l~iition,  solidification of
eutectic  alloys, Ostw:ild ripening, anti separation of immiscible liqui{is. In particular,
tlJldC1’Stallding  the ro]c played by v i s c o s i t y  duJ’ing  glass  fOrJlllitiOJl  p r o c e s s e s  wi]] b e  v e r y
in)pojtaJ~t  for the cicvclop]ncnt  of various gl:iss forlning alloys bearing valuable physical and
chfmical  properties.

Sphcricxil  Stlii])C of a lnolten  Silllli)lC ]evitatc(i  by the 1 I’J’l;SI,  provicics  an ideal condi t ion
to me.asurc  the surfflce teJlsion an(i the viscosity wit]]  f!, J”Ciit accuracy. In view of the, fact that
SUJ’fidCC tCllSiO)l iS piiJljCLl]iiI”]y Scnsi[iw tO CVCII  minute surfa~c Cc) Jltilllljl)iitjoIl,  a 1 I’I’F,SI, Ope.mting
in a high vacuum cnvironmemt  wou]d bi ideal for the sllrfam tension lllc:isLJJcIllcrlts.  If a liquid
has small viscosity in il \vcilk ~iit]~]])i[]g ]imi[,  the fICC oscillation of i{ (imp can bc expresseci by

r(f) = r. + ~r,,  cos((o,,  f)l’,,(ws  O)cxp(~  ‘) , (1)
2 T,,

where rO is the raciius  c)f the cirop  whcJI it is S])]lCJ”iCll],  r], anti (1),1  arc rcspective]y  the oscilltiticm

amj)litudc  and the angular frc(Jucncy of tile n-t]] mo(ie, J’,,(cos 0) is the 1.egcncire  pcdynomial  of



,.

order n, 0 is the angle  measured between z :ixis an(i (he radial direction, and T,, is the damping
time constant of the n-th mcdc. Asstlmin~ ul]iform  Cl]il~~c  distribution over the drop surfi~ce  and
the drop is oscillziting at 11=2 mode,
Raylcigh[  lo]

[hc s;lrfacc tension is dctcrmincd  by the formu_ia  clerivcd by

(2)

in tl]c }1”1’1;S1, the voltage diffcrcncc  bc~wecn  the top at]d [he bottom e]ccuodes  is inversely
proportional to the. samp]c charge. Since the stimp]c ~nass m, the sample position, the distance
bctwccn electrodes d, and the aJJplicd voltage.s V :irc kilown,  tlic approximate sample charge
value  can be obtained from the force balance cqua~ion  <) SV/cl= mg. l;or more acctm(e  values one
shoulcl go through numcrica]  :in:tlysis taking into accoilnt  variolts  non i(ieal conditions such as
the siTe and shape of the clcctmdcs  and the size :ind the position of (he sample. l:rom the
damping time constant Tz for 11=-2, the viscosity q is ob{:iinc{i  byl 11 ]

(3)

“J’cchno]o.gy  verification for (hc sLii’face. tctlsioil  mc.;is~ii”cmcnt  has been succcssfu]ly
CarIiCC~  o u t  ill mo]tcn  tin, ]ca(i,  :in(i silicx)n[.  f]. ]?01]1  siIrfacc  Ie.ilsioil a n t i  viscmity  have  b e e n
measured in an eutcctic Ni-7,r :illoy  [ 12] :in(i s~\/~]iii  boroil ciopc(i  silicons[  13]. I;ig,2 shows a
transient oscillation c)f a lnoltcn  Zr-Ni :illoy freely oscillating a( n = 2 mode. ‘1’hc oscillation
frequency is rclatcci  10 the surf:tcc tension tilrough 1 iq. (2) whiic  the (itimping  time constant (or
the spectral l ine wicith) is rcl:ite(i the  viscosity liIIough  l;q.  (3). ‘J’he  basic concept of this
technique was publishcci  in the rcfcrcncc  114], an(i a Inorc  cictailecl  cicscription  which includes
effects of non-icie:ilitic.s  causexi by unc.vcn  surfam  ch:trgc  ticnsityl  ] 5] is being prcpal’ed for a
future publicatiol][  1 6].

3. Specific 1 lctit  ~ap:icily  atl(i ‘Iota] 1 lclnispilcrical  lllnissivi(y
‘J’he specific heat c:ipacity  i)i:iys ail iinpotlin(  role for the cviiiuation  of steady  state

nucleation mtc as wcli as uil(iercooling  limit in a liqui(i  st:i(c. It not oilly zippears  explicitly in the
classical nuclcfition  r:itc uiuation, ii aiso ai)pcars ilnpJici(iy  through the ~]ibb’s free energy
diffcrcncc A(3V since the free energy is cictcr[ninc.(i if tllc heat  cap:icity is known. Itxpcrimcnta]

data of the heat cai):tcity of uncicrcoohxi  ii(iuici,  aiti)ough  they arc. cxtrcmc]y  valuab]c,  have been
lackilig.

“1’hc  total  hcmispi~cricai  cmissivity  of a saIn])lc  m a t e r i a l ,  Gl, is dcfiJlcd b y  t h e  r a t i o

bctwccm the hcmispilcrical  total cillissivepowci”11 to th;it of 8 black body, i.e.

~ - -__lI_
I- 0$117’4 “

( 4 )

l:or example, cl is ncccic(i  to (ictcrlninc  the therlnal  environment (iuring  crystai  growth in the

ftoating  ZOIIC growth  systclil,  an[i also in (ictcrmining  IIIC cooling rate of atomizcci  dmplcts  in the

rapid sol idi f icat ion pmccssing.  III si)i[c of their imi)ortancc,  c :iI)ci  q. arc known for very few

lligl~-tcl~lj~cratllrc  liqliicis.  Data is par[iclliarly scarce for un(icrc~;olcd  liqtti(is  since they cannot be
rctichcd using  collvcntiona]  melhmis.  ]n <i I 1’1’1{S1,,  a icvit:ttc(i  lnoitcn sample cools radiativcly  in



(5)

where p is the sample mass ctcnsity, ‘1’ is the sample temperature, “1’s is the temperature of

surroundings, OS]] is the Stcfi~l~-1301tzll]:illll  cons[ant,  and d is the stimplc diameter. ‘J’hc Fact that

accurate measurement of c.l./cl) is possible from 1 k]. (5) upon nmisurement of ct’JYdt is one of the
most important merits of cxmtaincrltss  ])roccssing by the 1 l’1’JiSI.. Any additional heat inputs
(such as residual rf heating in the C;ISC c)f elccttc)l~l:igt~ctic  levitation) and heat loss (such as
conductive anti convective heat loss if a g:isc.ous cooling agent is usecl), which are usually not
well defined, will lower the accuracy of the F.l/C1)  lllctis~ll’clllcllts.

I;rom cJ)(’l’)/c.l.(’l’)  clata,  Cl)(’J’) can bc dctermincci  if G1.(’l’) is known, 1.ikewise,  CT.(3’) can

bc ctc(crminecl  if Cl)(’l’) is known. Strictly speaking ~1(’1’) has to bc mcasurccl inclepcnciently  over
the entire tcmpcrat ure range. 110WCVM,  Cl)(’l’l)]) :it nmlt i ng tcmperat urc is often available, or

Cl)(’l’,l))  is easier to measure using a conventional calorimctu  th:in  to measure Cl.(’l’,,,) unckr the

present technics] capabili[ics,  in that case, C.j.(’l’l,l) is (ictcrnlincci using available Cll(’l’,)l),  Since

C.,l.(’l’)  is known to be weakly tcmpcrat urc cicpcm(ient,  an assumption Gj. (’l’)s E.I.(’l’l,l) can bc macie
over a few hundrccl K arounc] ‘1’11), ami the c (’1’) is dctcrminc(i  in that temperature ratlgc. “1’hisp
approach has bum applicci  to nickel an(i z.irconium( 171, to siiium[ 18 ], and to the glass forming
alloy Y,141.2”1’i13  .8~11125Ni10  .013c225  [ 19].

4. Studies of Nucleat ion from lJn(icrcooicxi  I,iqui(is
Since samples arc proccsse(i in a c]can environment of vacuum, sample purity is

prcscrvcd, and further purification might even be taking  place as volatile impurities leave  the
samJJlc  as the sample is kept at a higil tcmpcra(urc, 1 ‘urtilcrmorc, in the absenm of appreciable
internal flow unlike the. case of the Clc.ctl’olll:ig,llclic  lcvilatic)n,  one CM safely  III]C out the C]yJlaINiC
nucleation. Spontaneous nucleation ])hcno]ne.na arc tmsicaiiy statistical in nature. l{xpcrimcntally
a liquid  drop above its Incltil]g  tcmpcraturc is a]ioweci  to coo] racliativc]y toward the room
tcn~pcmturc  and to rccor(i ti~e tcmpcratmc  at the nuclcaticm  cwcmt.  ‘1’his process has to bc repcatecl
over 100 times to iiCClll)lllltitC  enough citita fc)r stalis(icai analysis. our unciercoolillg/nucleation
studies using two ciiffercnt gra(ic.s of zirconium consistently revealed single nucleation
mechanism in contrast tc) ti~c results c)btaineci  by clcctl(~l~~;~g[~ctic  levitators and ciroJ~ tubcs120,
211.

With the heating source turne(i  off, (hc lnaxinlunl  coc)ling  rate c)f a sample cleptmcis  on its
size and optical propcr[y.  Stu(iy  of umicrcooling  awi nucleation as a function of cooling rate may
bc pc)ssible with a slight mociification  of the cutrcnt  system to accommodate various si7c
samples. I>ccp  un(icrcoo]illg  an(i ra})i(i soli(iific:ition ]n:[kc it pc)ssibie to form metastab]c  phases
with novel microstructums  which arc. not allowed by conventional sc)liclification  processing, In
simplistic terms, mctastabic  phase nuclcaticm  is (ic(crll]illc(i  by Ihc liquid un(icrcoolillg  level while
morphological development is controllui by so]iciification velocity, (;cmbina(ion c)f a high spccct
imaging system anti a pyrcmctcr will allow mcasurclncnt  c)f soli(iification  velocities as a function
of tcrnpcmtum  which is invaluable for ti]c stu(iy of soli(iification  anti the understanding of novel
microstructure formation.



5. hqetastablc  Phases
A glass is formed frcm a liquid if nucleation of a solid is avoiclcd  cJL]ring cooling process.

“1’hc degree of glass formability is often cxprcssc.ci  by tile criticai cooling rate for glass formation.
The critical cooling rate wi(icly varies from 108 K/see to 1 K/scG cicpcn(iing  on the elements and
their compositions. in ol{ier to (ictcminc  tile  crilicai  cooling rtitc, tim first step is to construct the
cont inuous cool ing (I~i~lsforll):ltio[~  (UH’) curve  fm soli~i nucleation. CC’1’  curve is constructed
by measuring the nucleation [cmpcratmx  as a function of the coIN(:im  cooling rate. I’hc critical
cooling rate for glass  formatic)n  is [hc SIOWCSI r:i{c at whici~  tile solid is not nucleated.  As  an
initial demonstration wc have used a glass fomitlg  aiioy 7,r41.2’1’i13.YC1112,5  Ni10.PIle22,5 and
measured the mit~imum cooiing  ratc122],  specific heat, :in(i hemisphcr-lcal  total emlssivity[  19].
More recently ti~c whole "l`il~~c-'l`cllll)  cr:ltLllc-'l`l:  i1~sf()rll~:ltioI~  (’1”’1

-
1’) curve was successfully

measured for (his matcriall  23]. Witil a buil[-in coolil~g-r[ttc-cor~trol  capability, the 11“1’FSI. will
bczome  invaluable for ti~c (icvc.lopmcnt  of easily giass forming alloys.
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I~ig.2 A molten Zr-Ni alloy freely oscillating tit n = 2 nlocle.


